Much is known about the evolution of plant immunity components directed against specific pathogen strains: They show pervasive functional variation and have the potential to coevolve with pathogen populations. However, plants are effectively protected against most microbes by generalist immunity components that detect conserved pathogenassociated molecular patterns (PAMPs) and control the onset of PAMP-triggered immunity. In Arabidopsis thaliana, the receptor kinase flagellin sensing 2 (FLS2) confers recognition of bacterial flagellin (flg22) and activates a manifold defense response. To decipher the evolution of this system, we performed functional assays across a large set of A. thaliana genotypes and Brassicaceae relatives. We reveal extensive variation in flg22 perception, most of which results from changes in protein abundance. The observed variation correlates with both the severity of elicited defense responses and bacterial proliferation. We analyzed nucleotide variation segregating at FLS2 in A. thaliana and detected a pattern of variation suggestive of the rapid fixation of a novel adaptive allele. However, our study also shows that evolution at the receptor locus alone does not explain the evolution of flagellin perception; instead, components common to pathways downstream of PAMP perception likely contribute to the observed quantitative variation. Within and among close relatives, PAMP perception evolves quantitatively, which contrasts with the changes in recognition typically associated with the evolution of R genes.
Introduction
Pathogen infection often imposes severe selection pressure for plant resistance by reducing plant growth and yield. To defend themselves, plants employ two layers of active defense (Jones and Dangl 2006) . Like animals, they carry pattern recognition receptors (PRRs), which detect molecular signatures, known as pathogen-associated molecular patterns (PAMPs), which are common to whole classes of microbes (Boller and Felix 2009 ). These include components pivotal for microbial life such as flagellin, a building block of the bacterial motility organ, the bacterial elongation factor Tu, or constituents of the microbial cell wall like fungal chitin. Perception of PAMPs triggers a suite of immune responses normally sufficient to confer immunity against a broad spectrum of potentially infectious microbes. Successful pathogens overcome this layer of PAMP-triggered immunity by secreting effectors to suppress this first line of defense. In plants that are resistant to these successful pathogens, plant resistance (R) proteins trigger a second line of defense by recognizing particular secreted effectors. Since this second line of defense requires a perfect matching between the R protein in a plant and the cognate effector in the pathogen, it is referred to as a gene-for-gene interaction.
To the extent that plants and pathogens are free to coevolve in a pairwise fashion, both R alleles and cognate effectors are expected to undergo a dynamical turnover of specificities (Stahl et al. 1999; Allen et al. 2004 ). There is indeed tremendous diversity among pathogen strains in the effectors that they harbor (Charity et al. 2003) . Variation in the repertoire of plant R genes is also remarkable; individuals within species generally display differences in their resistance profiles (Laine et al. 2011) . Birth-and-death dynamics of new R genes and alleles have been described in diverse species (Michelmore and Meyers 1998; Ravensdale et al. 2011) . At the molecular level, the action of natural selection for R protein diversification is sometimes apparent, but no typical evolutionary pattern can be defined for molecular diversity at R gene loci (Michelmore and Meyers 1998; Bergelson et al. 2001; Rose et al. 2004; Moeller and Tiffin 2005; Bakker et al. 2006) . Altogether, experimental evidence for the action of pathogen dynamics on R gene evolution is still fragmental, but R genes display variation that generally alters the recognition of specific pathogen strains (de Meaux et al. 2003; Laine 2004; Rose et al. 2005; Moeller and Tiffin 2008) .
On the other hand, little is known about variation in the more generalist PAMP perception system, whose components are often shared across distant genera (Boller and Felix 2009 ). For example, flagellin, or its active surrogate the peptide flg22, is perceived by the receptor flagellin sensing 2 (FLS2) in plants from diverse families, such as Arabidopsis, tomato, and rice Robatzek et al. 2007; Takai et al. 2008) . In Arabidopsis thaliana, FLS2 is present as a single-copy gene, and fls2 mutant plants are insensitive to flg22 . As a receptor kinase, FLS2 is composed of a Leucine-rich repeat (LRR) ectodomain, a single transmembrane domain, and a cytosolic kinase domain and is solely responsible for binding flg22 . Another member of the same LRR receptor kinase subfamily is EF-Tu receptor (EFR), which detects the bacterial elongation factor Tu or its surrogate elf18. While homologues of FLS2 are present in diverse plant families, EFR is restricted to the Brassicaceae suggesting a more recent origin of this system (Kunze et al. 2004) . Both PRRs interact with BRI1-associated kinase1 (BAK1) and activate similar downstream defense responses (Zipfel et al. 2006; Chinchilla et al. 2007 ). These responses are manifold and include the production of reactive oxygen species, the deposition of callose, the upregulation of defense genes, as well as the inhibition of seedling growth (Boller and Felix 2009) .
Two distinct evolutionary dynamics can be envisaged for flg22 perception. First, FLS2 function may maintain an optimal affinity to flagellin that maximizes bacterial detection despite individual variation in flagellin. Under such a scenario, nucleotide variation at the receptor should show signatures of constraints and display signs of purifying selection with low levels of amino acid variation. The presence of FLS2 receptors in distant taxa, despite evasion of flagellin recognition by some microbial strains, suggests that FLS2 retains its relevance for defense (Felix et al. 1999; Pfund et al. 2004; Sun et al. 2006 ). The recent indication that FLS2 may trigger immunity in response to two additional signals, the endogenous peptide CLV3p and the bacterial effector Ax21 (Danna et al. 2011; Lee et al. 2011) , brings further support to this first hypothesis.
Alternatively, FLS2 could evolve so that its affinity for flagellin tracks the flagellin alleles with which it interacts. Indeed, specific differences in the recognition of flg22-related peptides have been documented between plant families and associate with changes in the FLS2 ectodomain Robatzek et al. 2007 ). In addition, strains carrying inactive flg22 variants, able to circumvent FLS2-mediated recognition, have been reported at various taxonomic levels, for example, Agrobacterium tumefaciens and among Xanthomonas campestris strains (Felix et al. 1999; Sun et al. 2006 ). Under such a scenario, nucleotide variation at the FLS2 receptor would be expected to display some signature of natural selection, just as was reported for some R proteins and display signs of accelerated amino acid evolution in the LRR ectodomain. To clarify the evolutionary dynamics of PRRs/PAMP detection systems, we therefore addressed the following questions: 1) is there functional variation in PAMP perception, 2) what is the genetic basis of this variation, and 3) what is the molecular evolution of FLS2?
We studied functional variation mediated by FLS2 in A. thaliana and its relatives. We detected high variation in flg22 binding and FLS2 protein abundance within and between species, which correlated with flg22-elicited responses. As flg22-induced inhibition of seedling growth was correlated with that triggered by elf18, components common to pathways downstream of PAMP perception likely contribute to the observed variation. However, a quantitative trait mapping analysis of the flg22-triggered inhibition of seedling growth revealed that some of the variation in flg22 perception cosegregates with the FLS2 locus. Our study therefore demonstrates the quantitative evolution of PAMP-triggered immunity in A. thaliana and shows that the evolution at the receptor locus itself does not fully recapitulate the evolution of flagellin perception.
Materials and Methods

Quantification of flg22 Binding, FLS2 Protein Abundance, and Variation in FLS2 Expression
Binding assays were performed as previously described (Bauer et al. 2001; Haweker et al. 2010) , and details are given in the supplementary table 2 (Supplementary Material online). This method controls for nonspecific binding of flg22. The radiolabeled flg22 peptide was synthesized by EZBiolab based on the P. aeruginosa flagellin sequence. Additional flagellin peptides tested are described in supplementary table 1 (Supplementary Material online). The genotype Ws-0 is known to carry a non-functional FLS2 allele and was used as a negative control . Affinity measurements were examined by competing 0.6 nM radiolabeled flg22 peptides against nonlabeled peptides at various concentrations according to Bauer et al. (2001) , as described in supplementary methods (Supplementary Material online). Western blotting was performed as by Gohre et al. (2008) . Variation in FLS2 expression was examined by monitoring allele-specific expression in F1 from crosses between genotypes Col-0 Â Eri and Col-0 Â N13 as described previously (de Meaux et al. 2005) , using the PCR primers 5#-Biotin-ACA TTG AGC CAA CTA AAA CAT CGA-3# and 5#-CCA TAA ATG GAA GCA CTA AAG CT-3#, in combination with sequencing primer 5#-TTT TGC CGC TTT CCC-3#. Plants were grown in liquid Murashige and Skoog (MS) medium and challenged by 100 nM flg22 as described below. The experiment was conducted in two independent trials. RNA was extracted from each of 10-12 independent seedlings in two biological independent trials. Samples were not pooled. Pyrosequencing quantification of relative allelic expression was performed on cDNA samples. F1 seedlings were produced by independent crosses performed in both directions to Vetter et al. · doi:10.1093/molbev/mss011 MBE control for possible effects of parental imprinting. Differences were analyzed with an analysis of variance (ANOVA) comparing relative proportion in DNA samples and the control-and flg22-treated cDNA samples as described in de Meaux et al. (2005) .
Quantification of Seedling Growth
Ethanol sterilized and 2 days cold stratified seeds were grown on plates containing MS agar and 1% sucrose in 16 h 120 lM * m À2 * s À1 light regime at 21°C day and 19°C night, respectively. Seedlings were transferred after 7 days to liquid MS medium (two seedlings per 500 ll medium in 24-well plates). After 3 days, treated samples were supplied with the eliciting peptide for a final concentration of 100 nM. Effect of peptides on seedling growth was estimated by weighing the fresh weight of seedlings in at least six replicates per genotype and treatment. The growth inhibition response was calculated as relative reduction of fresh weight in percent by ([FW C À FW T ]/FW C ) Â 100, where FW C 5 average fresh weight of untreated plants per genotype and FW T 5 average fresh weight of plants treated with flg22 per genotype. The genotypes impaired in flg22 perception sometimes show increased growth in the presence of flg22 (Robatzek S, personal communication) , and this was indeed observed for loss-of-function mutants. The experiment was conducted in at least three independent biological trials. Quantification of inhibition of seedling growth in presence of 100 nM elf18 (Zipfel et al. 2006) 
Quantification of Bacterial Infection
Approximately 10 3 cfu of the Pto DC3000 was inoculated with a blunt-end syringe into 19-day-old plants, grown in 12-h light regime at 20°C. After 0 and 4 days postinoculation, a hole-punched leaf disk was ground in 200 ll of 10 mM MgSO 4 , cfu was counted by an automated colony reader as reported in Atwell et al. (2010) . Four biological replicates were performed.
Correlations and Controls for Population Structure
We considered population structure parameters when correlating quantitative flg22-binding and flg22-induced inhibition of seedling growth. A principal component analysis was run on 145 SNP markers in R (R Foundation for Statistical Computing, 2.8.1). Principle components jointly explaining more than 25% of variation of neutral markers were included as covariate in an analysis of covariance, to test for significant correlations. Bacterial numbers were not normally distributed; we therefore computed a nonparametric test of correlation, which did not control for population structure. For the association between FLS2 sequences and either flg22 binding or growth inhibition, we classified FLS2 sequences by phylogenetic clades, the data were log-transformed, and we used ANOVA to test for a clade effect. This association was also performed for each amino acid change but it failed to identify single changes explaining any of the two measures.
Analysis of Sequence Diversity
We sequenced FLS2 and constructed an experimental distribution of summary statistics as described in supplementary methods (Supplementary Material online) (accession numbers HE617301-HE617335, HE616900-HE616909). Multilocus analyses were performed with MANVa (www.ub.edu/softevol/manva/). We established experimental probabilities for the compound test DHEW by counting loci with comparable combinations of outlier D, Hn, and EW values. This compound test is robust to both demography and background selection and thus has the greatest specificity to positive selection, while retaining good power (Zeng et al. 2006) . Recombination breakpoints, that is, contiguous SNPs for which the four gametic types were observed, were identified using DNAsp (Rozas et al. 2003) . The HKA test compares the ratio of intraspecific polymorphism to interspecific divergence in two loci. It is based on the prediction that, for a particular region of the genome, the rate of divergence between species is proportional to the levels of polymorphism within species (Hudson et al. 1987 ). The HKA test was performed excluding nonsynonymous sites (Nei 1987) to compare the 800-bp long 3# fragment with the rest of the FLS2 sequence. To detect putative signatures of local adaptation at the FLS2 locus, we sequenced an 889 bp fragment in the kinase domain with primers 5#-ACA GTG CCA ACA TCA TTG GC-3# and 5#-GCT GCT AAA CTT CTC GAT CCT CG-3# across 240 individuals collected in 35 local A. thaliana populations described in Kronholm et al. (2010) . We focused on the populations distributed across three major regions along a North-South axis (Spain, France, and Norway). Differentiation indices were calculated using the method of Michalakis and Excoffier (1996) , as described in Kronholm et al. (2010) . This analysis computed the level of differentiation in allele frequencies at the FLS2 locus among populations within regions, among regions, and among all populations, that is, U sc , U ct , and U tot , respectively. This hierarchical setting allowed taking into account the partition of variation between populations within regions (Excoffier 2007) . These values were compared with the genome distribution established for 20 microsatellite markers and 149 SNPs in Kronholm et al. (2010) . We chose U-statistics because they are most Evolution of Flagellin Perception · doi:10.1093/molbev/mss011 MBE robust to confounding effects of mutation rate variation across genetic markers (Kronholm et al. 2010) .
Results
Variation in flg22 Binding in A. thaliana
We studied FLS2 functional variation by comparing flg22 binding, which solely depends on FLS2 and therefore serves as a sensitive and direct measure, within and between species. We chose to use a synthetic flg22 peptide that correlates best to the consensus sequence of the most conserved region of eubacterial flagellin and is identical to the flg22 peptide sequence in strains of the A. thaliana root-colonizing bacterium Pseudomonas fluorescens and the human bacterial pathogen Pseudomonas aeruginosa (Felix et al. 1999; Leon-Kloosterziel et al. 2005) . This flg22 peptide has the highest binding affinity known to date and elicits the strongest responses in A. thaliana (Felix et al. 1999; Bauer et al. 2001 ). Since differences in the perception of flg22-related peptides were reported (Felix et al. 1999; Sun et al. 2006; Robatzek et al. 2007 ), we confirmed with a small subset of peptide variants that the flg22 peptide is most active in all tested A. thaliana genotypes (supplementary table 1, Supplementary Material online).
We measured specific binding using a radioactivelabeled flg22 peptide and assessed 45 genotypes of A. thaliana representing the species-wide distribution, including extremes of the species range (supplementary table 3, Supplementary Material online). We observed significant variation for flg22 binding (F 43,236 5 37.83, P , 0.001; fig. 1 and supplementary table 2, Supplementary Material online). These findings are in agreement with the flg22-binding levels reported in a previous study of nine A. thaliana genotypes (Bauer et al. 2001 ). We then asked whether variation in flg22 perception was specific to A. thaliana and examined levels of flg22 binding across Brassicaceae species. Specific flg22 binding was quantified in 21 species selected from 9 of the 25 tribes of the family (supplementary table 3, Supplementary Material online). Specific binding to flg22 was highly variable across species (F 20,152 5 36.84, P , 0.001; fig. 1 ). Intraspecific variation in flg22 binding was assessed within Arabidopsis lyrata and Cardamine hirsuta; A. lyrata exhibited high variance for flg22 binding in seven genotypes, but no binding was detected in four genotypes of C. hirsuta. Thus, there is no fixed optimal level of flg22 binding either in the A. thaliana lineage or among its relatives.
Variation in Protein Abundance Reflects Variation in flg22 Binding
Immunoblot analysis of whole protein extracts was conducted to compare FLS2 protein abundance within groups of A. thaliana genotypes with identical FLS2 sequences at the epitope selected for antibody production (Gohre et al. 2008 ). C24, Yo-0, and Lov-5 display higher FLS2 protein abundance than Col-0, Sei-0, Stor, and Eri. With the exception of Stor (but see below), the differences in FLS2 abundance match differences in flg22 binding ( fig. 2A and B) . Results for the A. thaliana genotype N13 and the A. lyrata genotype MN47, however, have to be taken with caution. The FLS2 epitopes of N13 and MN47 most probably present lower affinity for the FLS2 antibody since they differ from the epitope harbored by Col-0, against which the antibody was developed. Despite this caveat, this experiment shows that No Fixed Difference in flg22-Binding Affinity between A. thaliana and A. lyrata Analyses of FLS2/flg22 dissociation dynamics allow measurement of variation in the receptor's affinity for its ligand. We selected seven genotypes representative of the breadth of flg22-binding variation (as well as the major FLS2 allelic lineages, see below). With the exception of Stor, all five A. thaliana genotypes exhibited an affinity to flg22 that was not different from that observed in the A. lyrata genotype MN47. Only Stor exhibited a significant reduction in flg22-binding affinity ( fig. 2C and supplementary table 4, Supplementary Material online). This is in agreement with the very low flg22 binding detected in Stor despite a regular level of FLS2 protein ( fig. 2A and B) . Sequencing of the FLS2 coding regions in these genotypes revealed a G493E amino acid change unique to the protein sequence of Stor. To date, no other genotype has been found to harbor this mutation. Although the amino acid sequence of the Stor FLS2 differs from most other genotypes by more than one amino acid, the G493E change is the only amino acid that differs from the FLS2 sequence of Yo-0, a genotype presenting an affinity for flg22 not different from most other genotypes ( fig. 2C ). The glycine residue appears ancestral as it is found in all known Brassicaceae FLS2 sequences (Dunning et al. 2007 ). There is convincing evidence that FLS2 binds its ligand directly, via its LRR ectodomain Dunning et al. 2007) . A previous study indicated that LRR9 to LRR15 were responsible for binding but did not control for variation in FLS2 abundance (Dunning et al. 2007 ). The change of affinity of the Stor genotype, located in LRR17, therefore suggests further portions of the ectodomain are involved in flg22 binding, either directly or via alteration of the protein conformation.
Reduced flg22 Binding Is Associated with High Bacterial Proliferation
The primary role of flg22 perception is to foster immunity against bacterial pathogens. In A. thaliana, it was shown that loss of FLS2 increased susceptibility to infection by the virulent leaf pathogen Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) in Col-0 and Ler (Zipfel et al. 2006) . Conversely, reconstitution of FLS2 in the natural loss-of-function genotype Ws-0 increased resistance (Zipfel et al. 2006) . Although the corresponding flg22 peptide of the Pto DC3000 strain differs from the peptide used in the assay of flg22 binding by four amino acid residues in the N-terminal part, it still elicits a strong FLS2-mediated defense response (Felix et al. 1999; Melotto et al. 2006 ). We therefore investigated how variation in flg22 binding may influence bacterial growth in planta. The number of Pto DC3000 bacteria colonizing the leaf was determined 4 days after inoculation of 28 genotypes for which flg22 binding was determined (Atwell et al. 2010) . A Spearman's rank test revealed a significantly negative correlation of specific flg22-binding activity and bacterial numbers (S 5 5452.99, P 5 0.008; fig. 3 ). This correlation demonstrates that higher levels of flg22 binding associates with reduced Pto DC3000 proliferation. These data, however, also indicate that plant This long-term accumulative response likely employs many molecular components of the flg22-signaling pathway. Natural variation for flg22-induced inhibition of seedling growth was measured in 37 of the 45 genotypes reported in figure 1. To control for variation of seedling size in control conditions, we calculated flg22-induced inhibition of seedling growth as the difference between average plant fresh weight in the absence versus presence of flg22 and standardized the difference by the average seedling fresh weight in the absence of flg22 (see Materials and Methods). We observed genetic variability for the reduction in seedling growth in the presence of flg22 across genotypes (F 36,139 5 7.13, P , 0.0001). For example, the fresh weight of Kas-1 was reduced by approximately ;20%, whereas that of N13 was reduced by as much as ;57% in the presence of flg22 relative to weight in its absence. We further compared the relationship between flg22 binding reported in figure 1 and flg22-elicited inhibition of seedling growth. The estimates of specific flg22 binding are positively correlated with flg22-triggered inhibition of seedling growth (Pearson correlation coefficient R 5 0.53, P , 0.0001; fig. 4) .
Importantly, estimates of flg22 binding are negatively correlated with seedling weight in the absence of flg22 (R 5 À0.51, P 5 0.001). However, the effect of flg22 binding on inhibition of seedling growth remained significant after seedling fresh weight was introduced as covariate (F 1,34 5 15.02, P , 0.001). This suggests that seedling growth is not sufficient to explain the correlation between fresh weight reduction and flg22 binding. Alternatively, shared coancestry among individuals with similar growth inhibition reaction may result in a correlation between growth inhibition and flg22 binding. We believe that this is unlikely because variation in the inhibition of seedling growth was not related to population structure since it was not explained by any of five principal components summarizing variation at 145 single nucleotide polymorphisms (SNPs) (maximum F 1,31 5 2.66, minimum P 5 0.11). These data altogether show that the intensity of flg22 binding correlates positively with the severity of one of the responses triggered after FLS2 activation.
Correlation between flg22-and elf18-Elicited Inhibition of Seedling Growth
We were interested in estimating whether variation in flg22 perception covaries with the response to other PAMP signals. In A. thaliana, elf18 provokes PAMP-triggered immunity via perception by EFR (Zipfel et al. 2006; Boller and Felix 2009 ). Like flg22-induced inhibition of seedling growth, we measured elf18-induced inhibition of seedling growth as fresh mass reduction compared with growth in the absence of trigger and detected substantial variation across 56 genotypes of A. thaliana ( fig. 5, F 52 ,261 5 23.96, P , 0.0001). We also identified elf18-insensitive genotypes Nes-1 and Pro-0. These were different from the flg22-insensitive genotypes. We then compared the relative reduction in seedling growth triggered by flg22 and elf18. Genotypes with both functional FLS2 and EFR exhibited Vetter et al. · doi:10.1093/molbev/mss011 MBE a strong correlation in the magnitude of flg22-and elf18-induced inhibition of seedling growth (R 5 0.70, P , 0.001; fig. 5 ). The correlation between flg22-and elf18-elicited inhibition of seedling growth points to shared components controlling FLS2 and EFR receptor abundance, which could affect other PAMP perception systems and thus be key regulators of PAMP-triggered immunity.
Variation for Inhibition of Seedling Growth Triggered by flg22 Cosegregates with FLS2 in Two Mapping Populations
The flg22-induced inhibition of seedling growth depends not only on FLS2 but also on BAK1 and other unknown molecular components. To identify the genes controlling variation of the response to flg22, we quantified flg22-induced inhibition of seedling growth in three sets of recombinant inbred lines (RIL) segregating for different FLS2 alleles (Ler Â Eri-0, Ler Â Kas-2, and Est-1 Â Col-0). We estimated the heritability for seedling growth in the absence and presence of flg22. No heritable genetic variation could be detected for seedling growth in untreated conditions for Est-1 Â Col-0 RILs, and heritability for seedling growth upon flg22 treatment was overall higher than without flg22 in all three RIL populations (h 2 5 0.12-0.35, supplementary table 5, Supplementary Material online).
Next, differential growth was calculated for each RIL line as described above for inhibition of seedlings growth, and the quantitative trait loci (QTLs) controlling its variation were mapped. The FLS2 locus cosegregated with a QTL explaining 12% and 7% of total phenotypic variation in seedling growth inhibition in the Ler Â Eri and Col-0 Â Est-1 RILs, respectively (supplementary fig. 3 and table 6, Supplementary Material online). Since fresh weight of individual genotypes presented a relatively low heritability, the QTLs at the FLS2 locus explain a nonnegligible part of the genetic variation segregating between parental strains. Additional QTLs were detected in these mapping populations (supplementary fig. 3, Supplementary Material  online) . None of them colocalized with BAK1, but we do not know whether there is genetic variability between parents at the BAK1 locus. Altogether, these data demonstrate that flg22-elicited inhibition of seedling growth is regulated by the FLS2 locus sensu lato. The action of variants at genes unknown to be related to flg22 perception but mapping close to the FLS2 locus, cannot be excluded.
Cis-Regulatory Variation Segregates at the FLS2 Locus
Quantitative variation for flg22-triggered inhibition of seedling growth may be the result of transcriptional variation encoded at the FLS2 locus. We assessed genetic variation in FLS2 cis-regulation by monitoring allelic expression of FLS2 in Col-0 Â Eri and Col-0 Â N13 F1 crosses. We focused on three genotypes differing to a variable extent in their flg22 binding ( fig. 2B ) as well as in the sequence of their transcripts (a requirement for monitoring allelic expression). The analysis of allele-specific expression levels revealed that the relative amounts of expressed parental alleles differed in seedlings, both across F1 families and when treated with flg22 (F 2,282 5 27.21, P , 0.001, supplementary fig. 2D , Supplementary Material online). In each of two independent biological trials, the Eri alleles responded more strongly to the presence of flg22 than the Col-0 allele (cDNA effect F 2,146 5 114.1, P , 0.001), although the magnitude of this expression difference depended upon the trial (interaction cDNA Â trial F 2,146 5 11.2, P , 0.001). We could therefore document the existence of genetic variation located in the cis-regulatory region of the FLS2 locus. In the Col-0 Â N13 cross, the difference in allele-specific expression was weak. This is somewhat surprising given that the parental alleles presented greater differences in flg22 binding.
We further analyzed FLS2 transcript levels in the parental genotypes and respective F1 crosses by quantitative real-time polymerase chain reaction (PCR) (supplementary fig. 2A and B, Supplementary Material online). Observed expression levels of FLS2 were generally low and did not reflect variation in FLS2 cis-regulation or differences in protein abundance ( fig. 2; supplementary fig. 2C , Supplementary Material online). Extending the analysis to a few more Evolution of Flagellin Perception · doi:10.1093/molbev/mss011 MBE genotypes again highlighted the absence of a direct relationship between FLS2 mRNA abundance and flg22 binding. This result, however, should be taken with care because we observed great variance in FLS2 transcript levels across experiments, which we could not explain.
Patterns of Nucleotide Variation at FLS2
Population genetics approaches can track the specific signature left by natural selection on patterns of nucleotide variation segregating within species (Nielsen 2005) . Such approaches can therefore help tell whether natural selection maintains allelic variation at the FLS2 locus in A. thaliana. We examined FLS2 nucleotide variation in a worldwide sample of 36 genotypes and identified the FLS2 orthologous sequence in A. lyrata (supplementary fig. 1, Supplementary  Material online) . The phylogenetic analysis showed that alleles grouped in three major clades supported by elevated bootstrap values (supplementary fig. 1 , Supplementary Material online). The clades explained significantly variation for flg22 binding (F 2,38 5 4.82, P 5 0.01), but the association could not be pinned down to specific amino acid changes (not shown). Instead, variation in growth inhibition was only marginally explained by the allelic clades (F 2,38 5 2.55, P 5 0.09). In total, 71 SNPs modified the amino acid sequence (table 1) , but a 5-fold higher average number of pairwise differences at synonymous versus nonsynonymous positions (0.005 vs. 0.001 per bp, respectively) showed that FLS2 is evolving under clear functional constraints. Therefore, low levels of amino acid polymorphism can be found if only a small set of genotypes is examined (Dunning et al. 2007 ). The rates of synonymous and nonsynonymous polymorphism were in line with the rates of fixed synonymous and nonsynonymous differences observed between species (0.162 and 0.035 per bp, respectively) and fall within expectations drawn from empirical distributions (Nordborg et al. 2005) .
Following the spread of an advantageous allele in a population, the number of haplotypes drops, the proportion of low-frequency variants increases, and there is an excess of derived variants segregating at high frequency (Nielsen 2005) . When, instead, natural selection maintains variation, there is an excess of nucleotide polymorphisms at intermediate frequency, and interspecific sequence divergence is reduced (Stahl et al. 1999) . The haplotype diversity index EW, Tajima's D, and Fay & Wu's Hn are population genetics statistics that measure each of these parameters and can reveal the footprint of selection (Ewens 1972; Tajima 1989; Fay and Wu 2000; Zeng et al. 2007 ). We used previously published information to compute genome-wide empirical distributions and disentangle selection at FLS2 from demographic processes (Nielsen 2005; Nordborg et al. 2005; Wright and Gaut 2005) . Overall, FLS2 encoded diversity did not seem to depart from neutral expectations. Yet, recombination events were detected, and the breakpoints, that is, positions where neighboring SNPs show four gametic types, revealed a sequence fragment with a distinct frequency spectrum of polymorphism. We detected a local excess of low-frequency mutations (Tajima's D 5 À2.67, P 5 0.001, probability computed from the empirical distribution) in the 5# region of the FLS2 locus. This 800-bp long region includes 200 bp noncoding DNA upstream of the coding region, the signal peptide, and the N-terminal part of the LRR region. The divergent pattern seemed to stop at the first estimated recombination breakpoint ( fig. 6 ) and was further associated with a weak excess of derived mutations at high frequency (Hn 5 À4.45, P 5 0.03, probability computed from the empirical distribution). Interestingly, such a combination of low D and Hn is rarely observed among fragments of comparable size distributed throughout the genome (DH compound test, P , 0.001; fig. 6 ); these results are thus suggestive of the action of positive selection in the 5# portion of FLS2 but did not suggest that natural selection acts to maintain nucleotide variation. We further performed an Hudson, Kreitman, and Aguadé (HKA) test to evaluate whether the two portions of the gene differ in the rate at which synonymous (Hudson et al. 1987) . The evolution of the 800-bp long recombined fragment was not significantly different from the rest of the gene (v 2 5 0.006, P . 0.9). We therefore have no evidence that different evolutionary forces act on the different regions or functional domains of the gene.
We further asked whether FLS2 polymorphism showed evidence of local selection. Therefore, we quantified differences in allele frequencies between 35 local A. thaliana populations distributed in three major European regions (Kronholm et al. 2010) . Total differentiation U tot for FLS2 fell within the genome-wide expectations reported in Kronholm et al. (2010) (U tot-FLS2 5 0.66, 5-95% quantiles for U tot-SNPs-microsats are [0.43-0.77]) . Interestingly, the level of differentiation between regions at FLS2, U ct-FLS2 , was 0.000, as one would expect after a species-wide selective sweep, but an absence of differentiation between regions is not uncommon in the genome (5-95% quantiles for U ct-SNPs-microsats are [0.00-0.41] with a distribution skewed to the left). Therefore, we found no evidence for local adaptation at the FLS2 locus.
Discussion
In contrast to effector-triggered immunity, there is little known about the evolutionary biology of PAMP-triggered immunity in plants, especially over relatively short evolutionary time scales, for example, within or between closely related species. At the functional level, two alternative scenarios can be anticipated for the FLS2 locus, depending on the spectrum of microbial strains to be detected: The receptor could evolve novel affinity to track the flagellin alleles with which it interacts or maintain some sort of average affinity to maximize the chance to detect any bacterial microbe. Our study revealed a strong reduction of flg22-binding affinity in the genotype Stor, which can be attributed to a point mutation in FLS2 that is located outside the previously predicted flg22-binding site (Dunning et al. 2007 ). Whether this rare mutation evolved in response to a local change in natural selection is not known. Here, we did not detect the action of local selection on FLS2 nucleotide diversity segregating within and among European populations. Among distantly related species, it is known that the specificity of ligand recognition can change Robatzek et al. 2007) . Our study of flg22-binding variation, however, has not detected a major shift in affinity for flg22 since the divergence between A. lyrata and A. thaliana. Therefore, over such microevolutionary time scales, affinity for flg22 can remain unchanged.
Using a highly sensitive flg22-binding assay, we demonstrate the existence of pervasive quantitative variation for Evolution of Flagellin Perception · doi:10.1093/molbev/mss011 MBE flg22 perception. The range of variation in levels of flg22 binding detected within A. thaliana almost equates the extent of variation found between Brassicaceae species. In A. thaliana, variation in flagellin binding appears to result mostly from changes in FLS2 protein abundance. Furthermore, we detected a significant correlation between the inhibition of seedling growth mediated by the flg22/FLS2 and elf18/EFR perception systems. This suggests that one (or several) molecular variant(s) common to the two systems control some of the functional variation of PRRs. This is potentially due to players in the pathway other than BAK1 such as, for example, the signaling mitogenactivated (MAP) kinases 3, 4, and 6 (Boller and Felix 2009) . Alternatively, it is also possible that the two systems are correlated because they are tuned to similar levels by natural selection.
Genetic variation at the FLS2 locus likely explains some of the observed variation for flagellin perception. Indeed, QTL mapping revealed that variation in flg22-induced seedling growth inhibition colocalized with the FLS2 locus. In addition, we observed allelic differences in FLS2 cisregulation. Differences in FLS2 transcript abundance did not reflect variation in protein abundance, so it is not clear whether cis-regulatory differences underpin the QTL. Yet, greater cis-regulatory activity may not always lead to greater protein abundance unless a gene is expressed at some constant equilibrium. It is actually known that FLS2 is under the control of complex regulatory loops at both the transcript and protein level (Robatzek et al. 2006; Gohre et al. 2008; Boller and Felix 2009; Boutrot et al. 2010; Mersmann et al. 2010 ). In addition, the Eri allele is clearly different from the Col-0 allele in the cis-regulatory response to flg22. It remains possible that the cis-regulatory differences we observe have detectable consequences at the phenotypic level. Ideally, the genetics of flg22-binding variation should be established by QTL mapping, but the flg22-binding assay is not amenable for such large-scale experiments.
Evolution of flg22 Perception at the Molecular and Phenotypic Level
At the molecular level, the evolution of the FLS2 locus may undergo very strong constraint preventing amino acid diversification. Alternatively, it is also possible that positive selection on the ligand-binding sites promotes the diversification of recognition specificities (Zhang et al. 2006) . Our study reveals that FLS2 displays an evolutionary history that can be described as intermediate. The level of diversity at FLS2 resembles that of R genes as it is clearly higher than diversity observed at strongly constrained signaling genes (Bakker et al. 2006 (Bakker et al. , 2008 . Yet, no excess of nonsynonymous mutations is observed, as has been shown for plant R genes suspected to tightly coevolve with their ligand (Bergelson et al. 2001; Rose et al. 2004 Rose et al. , 2007 .
It is tempting to speculate that variation in flg22 perception is maintained via a trade-off between defense and growth. First, variation in FLS2-mediated immunity appears to play a crucial role in the control of bacterial infection. In our study, variation in flg22 binding was associated with the severity of bacterial infection. Recently, FLS2 has also been identified as a QTL responsible for bacterial resistance in a cross between the genotype Nd-1 and Ws-0, a genotype harboring an FLS2 loss-of-function allele (Forsyth et al. 2010) . Second, we observed that increased flg22 binding associates with increased seedling growth inhibition, one of the physiological responses triggered by FLS2 activity (see also Bauer et al. 2001) . Patterns of nucleotide polymorphism, however, provide little support for the action of natural selection maintaining variation at the FLS2 locus itself. The combination of summary statistics is instead indicative of the accelerated fixation of a favorable allele at the FLS2 locus, but the footprint erodes quickly with distance from the 5# region of the gene. Even though simulations have shown that compound tests, which combine the properties of summary statistics, are not easily confounded by demographic effects (Zeng et al. 2006) , patterns of molecular population genetics can only be suggestive of the action of natural selection (Przeworski et al. 2005; Wright and Gaut 2005) . Nevertheless, it is clear that the putative signature of positive selection at FLS2 stands in contrast with the pervasive variation observed for flg22 binding. Indeed, if a molecular novelty rises in frequency as a result of consistent selection on the phenotype it alters, we should observe a marked molecular difference between species and no remaining phenotypic variation within species. Altogether, this analysis suggests that, if selection has really acted on the FLS2 locus, we are not in the presence of a simple scenario of positive selection on the phenotypes triggered by flg22 binding on the FLS2 receptor. Elucidating the evolutionary forces controlling the observed variation for flg22 perception is now warranted.
A focus on R gene recognition has dominated early studies of the molecular evolution of immunity genes in plants (Stahl et al. 1999; Allen et al. 2004; Rose et al. 2007; Moeller and Tiffin 2008) . Evidence for quantitative variation in the strain-specific R genes is nonetheless accumulating (Parravicini et al. 2011) . Moreover, trade-offs between growth and development have gained attention. Evolutionary costs in the absence of pathogens have been rigorously demonstrated at the RPM1 locus (Tian et al. 2003) . Similarly, the polymorphism segregating at the ACD6 locus in A. thaliana displays antagonistic effects on growth and disease resistance against a broad panel of pathogens (Todesco et al. 2010) . Finally, an example of adaptive changes in the strength of immune responses, causing genetic incompatibilities and compromising plant growth at low temperature, has been reported (Alcazar et al. 2009 ). Our work shows that PRR activation might occur at a cost to the plant. Therefore, it may have to be tuned to competing physiological demands, for example, during plant growth and development (van Boven and Weissing 2004; Schulenburg et al. 2009; Alcazar et al. 2011) . Determining the genetic basis and evaluating the importance of quantitative functional variation of PRRs and R proteins will be fundamental for the effective utilization of Vetter et al. · doi:10.1093/molbev/mss011 MBE allelic variation for disease resistance in crops (Poland et al. 2009 ). In fact, flagellin perception should no longer be overlooked in breeding programs.
Finally, our study reveals striking similarities in the evolution of flagellin perception in plants and animals. The toll-like receptor protein TLR5 mediates flagellin perception in mammals by detecting epitopes different from flg22 (Ausubel 2005 ). Yet, TLR5 also exhibits quantitative variation in response to bacterial disease and associates with negative effects, such as autoimmune disorders (Hawn et al. 2003 (Hawn et al. , 2005 Gewirtz et al. 2006 ). In addition, the action of natural selection was observed along some of the phylogenetic branches, but no consistent signature of diversifying selection was detected (Wlasiuk et al. 2009; Wlasiuk and Nachman 2010) . In the future, identifying the evolutionary forces driving variation in plant flagellin perception promises to find resonance beyond the borders of plant science.
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